FOCUS
M oyaMoya vasculopathy (MMV) is a rare cerebrovascular disease characterized by bilateral progressive steno-occlusion of basal cerebral arteries with coexisting abnormal netlike vessels. 15 The most frequent initial symptom in adults with moyamoya disease (MMD) varies depending on the patient's ethnicity and their age at disease onset. 3, 4, 14 Intracranial hemorrhage is the leading initial symptom in Asian adult patients, whereas ischemic events predominate in Caucasian adult patients and in juvenile MMV patients worldwide. 3, 4, 14 A randomized clinical trial demonstrated revascularization surgery as the most effective treatment for hemorrhagic MMV. 13 Although randomized trials have not so far been published for ischemic MMV, based on various studies, revascularization surgery could be the most effective treatment in the management of patients with MMD regardless of type of the disease, to reduce ischemic and hemorrhagic stroke rate and improve clinical outcome. 2, 9 Various surgical techniques have been described, including 3 different revascularization strategies: indirect, direct, and combined revascularization. Our recent review focused on the effectiveness of the different revascularization strategies for management of MMV and concluded that a direct bypass should be applied to patients with MMD, if technically feasible. 2 A combined revascularization strategy is recommended especially for juvenile patients, in whom the direct bypass failure rate and the indirect bypass take rate are higher. 2, 6 Wound healing disorders including skin necrosis, infection, or CSF leakage are common complications of direct or combined revascularization surgery due to impaired blood supply to the scalp, reaching up to 31%. 5, 16, 19 The impairment of the scalp microcirculation is not only due to the harvesting of one of the superficial temporal artery (STA) branches, but also due to the impairment of the scalp microvascular network by the preparation of the skin flap. Conventionally, a large skin-galea flap with a separate muscle is prepared using a curved skin incision for a pterional craniotomy for the combined revascularization surgery (STA-middle cerebral artery [MCA] combined with encephalomyosynangiosis [EMS]), as described for an STA-MCA bypass and encephaloduroarteriosynangiosis (EDAS) combined procedure. 11 The crucial role of the galeal incision and the vessel harvesting techniques in wound-related complications has already been discussed in the literature. 16 Less invasive techniques for the flap preparation, such as a Y-like incision (interrupted or incomplete Y incision), have previously been described for direct bypass surgery with STA-MCA anastomosis, including double-barrel bypass procedures. 10, 18 Over the past decade, we went through different stages of surgical evolution in our department, applying different surgical techniques and concomitant skin incisions for direct and combined revascularization procedures, including linear, curved, interrupted Y, and complete Y skin incisions. Hence, the aim of our study was to analyze wound healing complications in our patients with respect to different skin incision techniques after direct and combined revascularization surgeries.
Methods

Study Design
Retrospective analysis of patient data was approved by the local human healthcare ethics committee. We retrospectively identified all MMV patients, including those with unilateral moyamoya and quasi-moyamoya, who presented to our department between January 2007 and June 2018 using ICD code I67.5 (moyamoya). MMD, quasi-MMD, and unilateral MMD were defined based on the guidelines established by the Research Committee for Moyamoya Disease; accordingly, patients with a possible associated disease were classified as quasi-MMD.
14 Patients with atherosclerosis were excluded from the analysis. We gathered data about patients' characteristics regarding disease type and treatment, clinical outcome, operative technique, and complications. We included all the surgically treated patients with a minimum of one follow-up examination at least 3 months after surgery in the analysis. We analyzed the wound healing disorders, including dehiscence, infection, necrosis, and CSF leakage, with respect to different skin incision techniques. We defined wound disorders requiring a surgical revision as major wound disorders and the less severe cases that were treated only conservatively (antibiotics, lumbar drainage, etc.) as minor wound disorders. Subgaleal hemorrhage was reported separately.
Different Skin Incisions
Following our preoperative evaluation of the donor vessels, we favor one of the STA branches for the direct bypass part and plan the incision based on this. Depending on the preferred STA branch in case of a sole direct revascularization, we perform a linear incision for the parietal branch and an incomplete Y incision for the frontal branch of the STA. For a combined revascularization, we routinely perform a curved incision for the parietal branch or a complete Y incision for the frontal branch of the STA.
For combined revascularization (STA-MCA combined with EMS), we performed a curved incision that is extended frontally to enable a pterional craniotomy if the parietal STA branch was used as donor vessel (Figs. 1A and 2A), and a complete Y-shaped incision (Figs. 1B and 2B) if the frontal branch of the STA was used as donor vessel. For the latter, a first skin incision was made along the frontal STA branch, followed by a second skin incision above the ear, ending in the previous incision and forming a "complete" Y (Figs. 1B and 2B ). This technique reduces the skin flap area and enables a faster mobilization of the frontal STA branch. The subsequent surgical steps were the same for all procedures. A separate skin-muscle flap was prepared. The muscle was cut in a curved fashion and mobilized. After a subperiosteal preparation, a pterional craniotomy was performed. Subsequently, the direct bypass was established, and the temporal muscle was positioned on the brain surface and sutured to the dura mater, resulting in an EMS. For direct revascularization with an STA-MCA anastomosis, we applied a linear skin incision if the parietal STA branch was used as donor vessel (Figs.
1C and 2C)
, and an incomplete Y skin incision if the frontal branch of STA was used as donor vessel. For the latter, a first skin incision was made along the frontal STA branch, followed by a separate second skin incision above the ear in order to allow a targeted craniotomy at the end of the sylvian fissure, resulting in an incomplete Y incision to provide better wound healing than a complete Y-shaped incision (Figs. 1D and 2D) . Here, the bypass vessel is tunneled below the remaining skin bridge and transposed to the anastomosis site. This technique enables-as mentioned above-a faster and atraumatic mobilization of the frontal STA branch without a large skin flap and without mobilization of supraorbital skin/galea.
Statistical Analysis
This study shows descriptive analyses and group comparisons: numbers and percentages of surgical revascularization techniques applied and of wound healing complications. For the group of patients with wound healing disorders, it additionally shows the configurations of the sociodemographic and clinical characteristics of the patients and several aspects of the treatments (operative vs conservative or lumbar drain). All analyses were done with Excel (version 14.7.7; Microsoft) and SPSS (version 25; IBM Corp.). Group comparisons analyzed the proportion of patients with wound healing complications 1) for operations with bypass versus combined bypass with EMS; 2) for Y-shaped versus other incision forms; 3) for Y-shaped versus curved incisions; and 4) for MMD versus moyamoya syndrome (MMS). Significance testing was done with Fisher's exact test. Because data for the first and second hemispheres are dependent, the statistical analyses were done for all patients with an operation on the first hemispheres, without including the second hemispheres in the analyses.
Results
A total of 235 patients with MMV were identified, of whom 213 were surgically treated at our institution. We excluded 41 patients due to the lack of follow-up visits. Of the remaining 172 MMV patients included in the analysis, 61.6% had MMD, 7% had unilateral MMD, 29.7% had MMS, and 1.7% had unilateral MMS. One-quarter of the patients were juvenile. Ischemic events represented the major onset symptom (79.7%), hemorrhagic MMV was only found in 9.3% of the cases, and the remaining onset symptoms were headache, seizure, dizziness, and cognitive disorders. The majority of the patients were Caucasians (87%).
A total of 124 of 172 patients underwent bilateral operations; 1 patient's first surgery was done in another hospital, and 47 hemispheres had to be excluded due to missing follow-ups for the second surgery, resulting in a total of 248 hemispheres for the analysis. Table 1 nique and the 1 intermediate bypass were also excluded from further analysis. A total of 236 hemispheres with direct or combined revascularization with STA-MCA bypass and EMS were included in the final analysis (Fig. 3) . The majority of the hemispheres were treated by an STA-MCA bypass only (72% direct bypass vs 27.9% combined with EMS). In the direct bypass cohort, an incomplete Y incision or a linear incision was performed in 63% and 36.5% of the cases, respectively, depending on the harvested STA branch. In the combined revascularization cohort, the frontal branch of the STA was harvested for bypass surgery by using a continuous Y-shaped incision in 63.6%. The remaining 36.4% of the hemispheres were treated using the flap technique with a curved incision, in which the frontal branch of the STA was used only in 3 cases in which the parietal branch was intraoperatively not suitable, and in 1 case both STA branches were taken for a double-barrel bypass procedure.
In all 236 hemispheres, a total of 5.1% and 1.7% showed major and minor wound healing problems, respectively. A subgaleal hemorrhage occurred only in 0.8% of all cases (Table 2) . Of the patients with a wound disorder, 43.8% were juvenile (Table 3 ). In 1 patient the first hemisphere treated by STA-MCA combined with EMS in which a complete Y incision was used suffered from a superficial wound dehiscence. However, an infection and CSF leakage occurred in the second hemisphere, which was treated with STA-MCA with an incomplete Y incision. This patient had MMS with thrombophilia and trisomy 21. None of the patients with a wound complication suffered from diabetes mellitus. Overall, the patients who received treatment by only a direct bypass surgery via targeted craniotomy showed a lower wound complication rate, including major and minor wound disorders, compared to the rate for the combined revascularization procedure with EMS (via pterional craniotomy) in our patient cohort (3% vs 15.2%). The lowest wound complication rate was 1.6% with a linear incision for the direct bypass procedure, followed by the incomplete Y incision with a wound complication rate of 3.8% (Table 2 ). In the hemispheres that were treated using a curved incision, wound complications were observed in 8.4%. In contrast, the highest wound complication rate, amounting to 19%, was observed when using a complete Y-shaped incision. In 1 case a subgaleal hemorrhage occurred, which also had to be revised operatively. The occurrence time of the wound disorders varied between 6 and 154 days after surgery (Table 3 ). An occlusion of STA-MCA bypass occurred in 3 patients. Removal of the bone was required in 5 cases. In 6 cases, a bacterial infection was diagnosed in the surgically obtained microbiological sample. In one patient 2 surgical revisions were needed, and in another patient 3 surgical revisions were needed. 
FIG. 3.
A flowchart of the direct or combined surgically treated hemispheres including different incision techniques. *One patient had a previous hemicraniotomy and received a bypass through the previous incision. #One patient was surgically treated via double direct bypass, harvesting both STA branches.
Discussion
The overall wound complication rate at our institution (5.1% major and 1.7% minor wound complications) was at the lower edge of the range reported in the literature.
16,19
The principal novel finding of our study is that combined revascularization using a complete Y-shaped incision tends to cause more wound complications.
Surgical revascularization strategies for the patients with MMV led to impairment of the blood supply of the scalp, causing wound healing disorders at a widely ranging rate (0.7% up to 31.7%). 1, 5, 16, 19 The majority of these studies did not report the skin incision technique in particular. For instance, in 1997 Houkin et al. reported a 1.78% wound healing disorder rate in 112 hemispheres that were surgically treated by STA-MCA bypass combined with encephaloduroarteriomyosynangiosis (EDAMS) without specification of the skin incision. 7 Mesiwala et al. detected wound disorders in 5% of 65 revascularization procedures including 56 direct bypasses, also without further information about the branch of the STA or skin incision used. 12 A recent study by Zhao et al. in which they reported on 610 hemispheres including 12.7% direct and 10% combined revascularization procedures without further information about the skin incision showed an overall impaired wound healing rate of 2% of their cases. 20 In the 2011 European patient cohort with a combined revascularization STA-MCA and EMS, a wound healing disorder was reported in 8% of the cases. 6 For better comparability with our data, we focused on studies with information about the skin incisions. For instance, Abla et al. reported 0.7% wound healing disorders in 140 treated hemispheres that underwent a direct bypass surgery with the parietal branch of the STA using a linear incision, which was comparable to our wound complication rate using the same type of incision. 1 Takanari et al. analyzed 98 hemispheres (86.7% were surgically treated by a direct or combined revascularization with EDAS or EDAMS) with a wound complication rate of 21.4%, also including minor wound disorders without a need for surgical intervention. 16 This study indicated diabetes mellitus as well as double-bypass type procedures defined as 2 STA bypasses, combined surgery (STA-MCA with EDAMS or EDAS), or a combination of 2 indirect procedures as risk factors. The authors interpreted different skin incision techniques with regard to blood supply, suggesting a "linear curved line" incision as a safe procedure, similar to our linear incision technique. Incomplete or complete Y incisions were not reported in the Takanari et al. study. Although a linear incision seems to be the safest, Chung et al. recently reported a rate of 39.1% for skin necrosis after direct bypass, using a linear incision along the course of the artery, where in 29% of the cases the frontal branch of the STA was harvested. 5 The authors observed less skin necrosis, with a rate of 22.2% using a curvilinear incision approximately 2 cm behind the donor artery and an in-toout dissection technique of the donor artery. However, the difference was not significant between both groups. Although the rates for skin necrosis reported for both groups were high, the authors highlighted the fact that no wound infections occurred, probably due to the preservation of the fibrous septa and galeal aponeurotica.
There are several different revascularization surgery techniques, and because the definition for wound healing disorders differs among the above-mentioned studies, it is difficult to compare them. Our recent review including several meta-analysis studies did not find any studies showing a correlation between performed revascularization techniques (direct, indirect, and combined) and wound healing disorders. 2 Consequently, it is a wellknown fact that wound healing disorder is a serious and relevant complication of revascularization surgery, regardless of the revascularization technique itself. Several new surgical techniques have been proposed to reduce wound healing disorders, including endoscopic procedures for the dissection of both STA branches or different dissection techniques for the STA. 5, 17 Chung et al. indicated that an in-to-out dissection of the STA could protect against wound infection.
5 A less invasive incomplete Y-shaped incision has also previously been described for direct bypass surgery for STA-MCA anastomosis. 10, 18 Katsuta et al. compared different skin incision techniques called "flap method" and "cut-down" method in an arteriosclerotic patient population. They concluded that the less invasive cut-down method with Y incision might be preferable to avoid wound disorders; however, there was not a significant difference between the groups. 10 Yoshimura et al. also described an incomplete Y-shaped incision for a double bypass without any wound complications in a small patient cohort. 18 In our population of patients with incomplete Y skin incision, the major wound complication rate was also low, at 2.8%. A complete Yshaped incision is a well-established technique for temporoparietal fascial flap elevation for versatile reconstructive procedures. 3, 4 Interestingly, there were no wound healing disorders in an analysis of 57 temporoparietal fascial flaps (aside from alopecia and hematoma), including those performed using the Y-shaped incision technique.
3
Although there are several incision techniques besides the Y-shaped incision (such as lazy S, inverted T, or zigzag techniques), one advocated advantage of the Y-shaped incision for flap preparation is the variable dimension due to the adjustable size of the vertical incision and wide or narrow bifurcation angle. 3 To our knowledge, a continuous Y-shaped incision technique has so far not been reported for STA-MCA bypass with EMS requiring a pterional craniotomy. We established this technique to enable a faster and less invasive dissection of the frontal STA branch, which otherwise has to be located in the conventional flap technique. With the help of a second skin incision above the ear, the mobilization of the temporal muscle and a pterional craniotomy could be performed easily. Although the rate for major wound complications (14.3%) was within the reported range, this appears to be higher than for other skin incisions among our patients. The preparation and harvesting of the temporal muscle with subperiosteal preparation might play an important role for the wound healing process. In this regard, the most suitable comparison can be made with the curved incision technique for the pterional craniotomy, for which the major wound complication rate was 4.2% among our patients. However, because the number of patients (n = 24; 20 cases with the parietal branch, 1 with both STA branches) was low in this group, the question of whether the harvested branch of STA (frontal vs parietal) plays a key role in wound complications cannot be answered sufficiently. Imai et al. reported a rate of 2.3% for severe infectious wound complication resulting in bone removal after using an L-shaped incision similar to the curved incision for a combined revascularization with the parietal branch of STA for adults. 8 This is comparable to our complication rate in adults in whom a curved incision is used. Importantly, Imai et al. did not report less severe wound complications in detail. 8 Because the children were partly treated only with an indirect revascularization strategy, a comparison to our juvenile population could not be made.
Almost half of our affected patients were juvenile (43.8%), and none of the patients with a wound disorder had diabetes mellitus. Half of the affected patients had MMS, with comorbidities including trisomy 21, thrombophilia, vasculitis, microcephaly, and Graves' disease. However, due to the low number of patients an association cannot be made to determine whether MMS patients would be at higher risk for wound infections. In our population, for direct bypass the linear and incomplete Y incisions both led to a low percentage of wound disorders. Among all revascularization procedures, the complete Y incision caused significantly more wound healing disorders. The comparison of the complete with incomplete Y incision (14.3% vs 2.8% major wound healing disorder) suggested that the meeting point of the Y in the complete version may represent a weak point, possibly leading to more wound disorders. However, the localization of the wound disorders was not limited to this edge point in our cohort. Based on our findings, a complete Y incision technique cannot be recommended unconditionally and should only be applied in selected cases. It is also important to emphasize that we only included patients in whom a combination with EMS was performed for combined revascularization. Therefore, higher wound complications after combined revascularization cannot be generalized for all combined procedures, including less invasive techniques such as encephalodurosynangiosis (EDS).
Study Limitations
The limitation of this study is that it was a retrospective analysis within a single institution. However, this is the first study describing a complete Y incision technique for a combined revascularization strategy.
Conclusions
Our study represents the first report focusing on wound complications with comparison of different skin incisions including complete and incomplete Y incision for revascularization techniques in MMV. The complete Y incision technique seems to be associated with more wound healing disorders-thus further applications should be limited.
